We report the growth of epitaxial metastable B1 NaCl structure TaN͑001͒ layers. The films were grown on MgO͑001͒ at 600°C by ultrahigh vacuum reactive magnetron sputter deposition in mixed Ar/N 2 discharges maintained at 20 mTorr ͑2.67 Pa͒. X-ray diffraction and transmission electron microscopy results establish the epitaxial relationship as cube-on-cube, (001) TaN ʈ (001) MgO with ͓100͔ TaN ʈ ͓100͔ MgO , while Rutherford backscattering spectroscopy shows that the layers are overstoichiometric with N/Taϭ1.22Ϯ0.02. The room-temperature resistivity is 225 ⍀ cm with a small negative temperature dependence between 20 and 400 K. The hardness and elastic modulus, as determined by nanoindentation measurements, are 30.8Ϯ0.9 and 457Ϯ16 GPa, respectively.
Polycrystalline TaN x thin films are presently used in a variety of applications including hard wear-resistant coatings on tools, diffusion barriers in integrated circuits, resistors, and mask layers for x-ray lithography. Unlike the more common hard-coating material, the IVB-VA compound TiN, little is known about the fundamental properties of cubic TaN, a metastable VB-VA compound. While the Ti-N equilibrium phase diagram is relatively simple with the only compounds being tetragonal Ti 2 N and NaCl-structure TiN, the Ta-N system is extremely rich.
1,2 In addition to the equilibrium phases bcc Ta, solid-solution ␣-Ta͑N͒, hcp-␥-Ta 2 N, and hexagonal ⑀-TaN, a variety of metastable phases have been reported. These include tetragonal ␤-Ta, bcc ␤-Ta͑N͒, hexagonal WC structure -TaN, cubic B1 NaCl structure ␦-TaN, hexagonal Ta 5 N 6 , tetragonal Ta 4 N 5 , and tetragonal Ta 3 N 5 .
1,2 This complexity makes it challenging to grow phase-pure TaN x compounds and, hence, little is known about fundamental properties of these materials. There are no reports on single-crystal TaN x layers.
We expect that cubic TaN, like TiN  3 and NbN  4 which have the same NaCl crystal structure, will have a wide single-phase field and can support large vacancies concentrations on both cation and anion sublattices. In the case of TiN, N/Ti can vary from 0.6 to Ӎ1.2 ͑Ref. 3͒.
In this letter, we present evidence for the growth of epitaxial single-crystal TaN thin films on MgO͑001͒. X-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒ indicate that the alloys are single-phase B1 NaCl structure TaN with a room-temperature resistivity of 225 ⍀ cm. Nanoindentation measurements show that the elastic modulus of the TaN films is comparable to that of TiN while the hardness is more than 50% higher.
All TaN x films, 0.5 m thick, were grown in a loadlocked multichamber ultrahigh vacuum ͑UHV͒ stainlesssteel dc magnetron sputter deposition system described in detail in Ref. 5 . The target was a 99.97% pure Ta disk and sputtering was carried out in 20 mTorr ͑2.67 Pa͒ mixed Ar͑99.9999%͒/N 2 ͑99.999%͒ discharges with N 2 fractions f N 2 between 0.05 and 1. Pressure was measured by a capacitance manometer and maintained constant with an automatic massflow controller.
Sputtering was done at a constant power of 150 W in a magnetically unbalanced mode, achieved using an external pair of Helmholtz coils. 5 These conditions resulted in a film deposition rate of 2.34 m h Ϫ1 with f N 2 ϭ0.20. A combination of probe, 5 growth rate, and film composition measurements showed that the ion-to-Ta ratio incident at the substrate was 11 with an ion energy of 8 eV. Ion irradiation was essentially monoenergetic since the charge-exchange meanfree path 6 was more than a factor of two larger than the substrate sheath width. From previous glow discharge mass spectroscopy measurements, 7 the primary ion flux constituents are Ar ϩ ͑94%͒ and N 2 ϩ ͑4%͒. The substrates were polished 1ϫ1ϫ0.05 cm 3 MgO͑001͒ wafers which were cleaned as described in Ref. 8 . They were then mounted on resistively heated Ta platens and inserted into the sample introduction chamber for transport into the deposition chamber. Final cleaning consisted of thermal degassing at 800°C for 1 h, a procedure shown to result in sharp MgO͑001͒1ϫ1 reflection high-energy electron diffraction patterns. 8 The target was sputter etched for 5 min, with a shutter shielding the substrate, prior to initiating deposition. Film growth temperature, 600°C including the contribution due to plasma heating, was measured using a pyrometer calibrated by a thermocouple bonded to a TaN-coated MgO substrate.
The microchemistry of the TaN layers was examined by Rutherford backscattering spectrometry ͑RBS͒ using 2 MeV He ϩ ions and the spectra analyzed using the RUMP simulation program. 9 No impurities were detected. Film microstructure was investigated using a combination of XRD, plan-view TEM, and cross-sectional TEM ͑XTEM͒. XRD measurements were carried out in powder and high-resolution Philips MRD diffractometers, both with Cu K ␣ sources. a͒ Electronic mail: greene@mrlxp2.mrl.uiuc.edu APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 24 13 DECEMBER 1999 Temperature-dependent resistivity measurements were performed using a four-point probe with evaporated Al contacts in the van der Pauw geometry. The nanoindentation responses of TaN films were determined using a Nano Indentor II instrument. Epitaxial TiN͑001͒ layers, also grown on MgO͑001͒ and having the same thickness as the TaN samples, served as references for calibration purposes. 10 The maximum load was varied from 0.2 to 20 mN and a minimum of ten indent sequences was used for each maximum load. The triangular Berkovich diamond tip was calibrated following the procedure described in Ref. 11 .
Preliminary XRD, TEM, XTEM, and RBS analyses of the microstructure and composition of as-deposited TaN x layers were carried out as a function of f N 2 . As shown below, films grown with f N 2 ϭ0.20 are single-crystal cubic TaN with a N/Ta ratio of 1.22. Decreasing f N 2 leads to polycrystalline layers while the use of f N 2 above 0.20 results in a rapid increase in resistivity leading to the appearance of N-rich second phases. We focus here on the growth of epitaxial cubic TaN.
Only one set of TaN XRD peaks was detected over the 2 range between 20°and 80°for films grown with f N 2 ϭ0.20. The peaks, centered at 41.57°and 41.67°and indexed as B1 NaCl structure TaN 002 K ␣1 and K ␣2 , are shown in Fig. 1͑a͒ . The 42.92°and 43.03°peaks are due to MgO 002 K ␣1 and K ␣2 . XRD scans along the azimuthal direction obtained in the parallel-beam mode with and 2 angles optimized for the 220 peaks of MgO and TaN at a tilt angle of 45°with respect to the surface normal exhibit four 90°-rotated 220 peaks at the same angle for both MgO and TaN ͓Fig. 1͑b͔͒. These results show that the film is epitaxial with a cube-on-cube relationship, (001) TaN ʈ (001) MgO and ͓100͔ TaN ʈ ͓100͔ MgO .
The TaN lattice constant in the out-of-plane and in-plane directions determined from symmetric 002 and asymmetric 113 scans are a Ќ ϭ0.4341 and a ʈ ϭ0.4332 nm. Using a Poisson ratio of 0.25 ͑Ref. 12͒, we calculate that Ӎ97% of the misfit strain is relaxed during growth and obtain a relaxed lattice constant a 0 ϭ0.4335 nm. Previous reports for polycrystalline cubic TaN films deposited by reactive sputtering give a 0 values ranging from 0.436 to 0.442 nm ͑Refs. 2 and 13͒ while the lattice constant for bulk cubic TaN prepared by plasma jet heating of hexagonal TaN is 0.433 nm. 14 The full width at half maximum intensity ⌫ 2 of the TaN K ␣1 peak is 0.10°compared to 0.04°for the MgO substrate. Figure 1͑c͒ shows an -rocking curve, with ⌫ ϭ0.6°, from the TaN͑001͒ sample corresponding to Fig. 1͑a͒ . In-plane and perpendicular x-ray coherence lengths ʈ and Ќ can be obtained from the widths of the diffracted intensity distributions perpendicular ⌬g Ќ and parallel ⌬g ʈ , respectively, to the diffraction vector g using the relationships 8 ʈ ϭ2/͉⌬g Ќ ͉ϭ/͓2⌫ sin ͔ and Ќ ϭ2/͉⌬g ʈ ͉ϭ/ ͓⌫ 2 cos ͔ where is the x-ray wavelength. From the data presented in Fig. 1, ʈ and Ќ are 21 and 104 nm. The only other reported results for transition-metal nitrides were obtained for epitaxial ScN͑001͒, ʈ ϭ15 nm and Ќ ϭ57 nm. 15 The present TaN layers exhibit higher crystalline quality with lower mosaicity.
XTEM images reveal uniform layers with abrupt film/ substrate interfaces. Plan-view TEM and XTEM selectedarea electron diffraction patterns are composed of symmetric single-crystal reflections whose positions are consistent with the XRD results showing cube-on-cube epitaxy.
TaN layers grown with f N 2 ϭ0.20 were found by RBS analyses to be overstoichiometric with a N/Ta ratio of 1.22 Ϯ0.02. This is analogous to the case for epitaxial TiN layers where N/Ti ratios of up to Ӎ1.2 have been reported for growth under similar conditions, relatively low homologous temperatures in the presence of ion irradiation.
3 Stoichiometric TaN ͑N/Taϭ1.0͒ was obtained with f N 2 ϭ0.125; however the films, while primarily epitaxial, contained localized areas of polycrystalline growth. The stoichiometric layers had a slightly larger 001 lattice constant, a Ќ ϭ0.4356 nm, in agreement with results for TiN and NbN in which a 0 decreases with increasing vacancy concentration on the cation sublattice. The lower strain energy associated with the growth of overstoichiometric TaN appears to stabilize pseudomorphic epitaxial growth. Further increases in N/Ta, however, result in the appearance of N-rich second phases.
The room-temperature resistivity of cubic TaN layers is 225Ϯ5 ⍀ cm, independent of N/Ta ratio between 0.98 and 1. We attribute the negative temperature coefficient of resistance for epitaxial cubic TaN 1.22 to a weak localization of the conduction electrons, which is caused by a perturbation of the periodic crystal potential due to cation vacancies, resulting in Anderson localization. 20 A similar temperature dependence of the resistivity has been observed for TiO 1.23 , 21 a compound which has the same crystal structure, number of d electrons, and cation vacancy concentration as TaN 1.22 .
The hardness and elastic moduli of our TaN͑001͒ layers were determined from nanoindentation measurements following the technique developed in Ref. 10 . Figure 3 is a typical load-displacement curve, with 3 mN maximum load. The initial loading segment contains an elastic-plastic displacement. In order to minimize the effects of timedependent plasticity on the measured hardness, the hold time at maximum load was 10 s for all loads. Thermal drift was calculated from a hold segment of 100 s at 95% unloading and used to automatically correct the load-displacement data through the instrument software.
The measured hardness H value for TaN͑001͒ was found to be 30.8Ϯ0.9 GPa and constant as a function of load for maximum displacements up to Ӎ80 nm, above which H decreases continuously with increasing load. This behavior is expected when the plastic zone associated with the indentation measurement penetrates through a significant fraction of the film thickness resulting in an apparent decrease in H for hard films on softer substrates, the case here where H for MgO͑001͒ is only 9.0Ϯ0.3 GPa. 10 Using an estimated value of 0.25 for the Poisson ratio TaN , 12 we obtain an elastic modulus E of 457Ϯ16 GPa. The uncertainty in E introduced by TaN is only 13 GPa ͑3%͒. The hardness of the metastable B1 NaCl structure TaN͑001͒ is 54% higher than that of TiN͑001͒ while E is nearly identical.
In conclusion, we have demonstrated the growth of epitaxial single-crystal B1 NaCl structure TaN͑001͒. The layers have a room-temperature resistivity of 225 ⍀ cm with a small negative temperature dependence between 20 and 400 K. The hardness and elastic modulus, as determined by nanoindentation measurements, are 30.8Ϯ0.9 and 457Ϯ16 GPa, respectively. 
